Ulnar nerve function, during and after open reduction and internal fixation of fractures of the distal humerus with subperiosteal elevation of the nerve, was assessed by intraoperative neurophysiological monitoring. Intermittent recording of the compound muscle action potentials was taken from the hypothenar muscles in 18 neurologically asymptomatic patients.
Ulnar nerve function, during and after open reduction and internal fixation of fractures of the distal humerus with subperiosteal elevation of the nerve, was assessed by intraoperative neurophysiological monitoring. Intermittent recording of the compound muscle action potentials was taken from the hypothenar muscles in 18 neurologically asymptomatic patients.
The mean amplitude of the compound muscle action potential after surgery was 98.1% ( SD 17.6; -37% to +25%). The amplitude improved in six patients following surgery. Despite unremarkable recordings one patient had progressive paresis. Motor impairment is unlikely if the compound muscle action potential is continuously preserved and not reduced by more than 40% at the end of surgery. Temporary decreases in amplitude by up to 70% were tolerated without clinical consequences. However, repeated clinical examination is obligatory to recognise and treat early post-operative palsy.
Ulnar nerve function is unaffected in the majority of intra-articular supracondylar fractures of the distal humerus. 1, 2 However, the risk of nerve damage is more likely after open reduction and intervention, and a number of strategies have been proposed to reduce this risk. Release with anterior transposition allows greater access for internal fixation, [3] [4] [5] but some reports describe post-operative nerve problems which are ascribed to peri-neural scarring. [6] [7] [8] [9] [10] Subperiosteal elevation of the ulnar nerve is a novel method that avoids opening of the cubital tunnel. The ulnar nerve is mobilised within its fibrous bed and returned to its original location after reduction and fixation of the bony fragments using plates and screws.
The risk of peri-operative ulnar neuropathy with this method, which does not require visualisation of the nerve itself, is not yet established. The purpose of our study was to monitor function of the ulnar nerve during surgery 11 and to compare this with post-operative clinical signs and symptoms of ulnar nerve function.
Patients and Methods
Criteria. We operated on 18 neurologically asymptomatic patients with fractures of the distal humerus; 11 women and seven men with a mean age of 56.5 years (19 to 78). Using the AO-ASIF classification 12 five patients had supracondylar (totally extra-articular) type A2 fractures, two type B (partially intra-articular) and 11 type C (complete articular and multifragmentary). The surgery was performed on the fourth to sixth day after injury. Electrophysiological studies were not performed before surgery. There was no previous injury to the elbow, wrist or hand in any patient. Patients with paraesthesiae and paresis in the upper extremity, systemic disease, polyneuropathy, cervicobrachialgia or cervical radiculopathy, or previous injury to the peripheral nerves of the upper extremity, were excluded from the study.
A detailed examination of the hand and fingers was followed by measurements of the strength of the abductor digiti minimi muscle with a calibrated spring dynamometer. Contralaterally, this was also performed preoperatively and repeated post-operatively on a regular basis.
Paraesthesiae were recorded as either absent or present. Tactile sensibility of the second and fifth fingers was clinically examined and compared with the contralateral side. Any deficit was recorded as absent, sensory, motor (> 10% decrease), or sensory and motor.
General anaesthesia was performed with remifentanyl (mean dose 0.56 mg/kg/min) and propofol (mean dose 1 to 3 mg/kg/h) as a constant intravenous infusion. A short-term muscle relaxant (vecuronium 0.1 mg/kg) was used only for the endotracheal intubation. 12 † CMAP, compound muscle action potential from abductor digiti quinti when ulnar nerve was stimulated in the axilla ‡ NO, not obtainable § cubital oedema or distance across the elbow was < 10 cm 13 The study was approved by our medical ethics committee and informed consent was obtained from individual patients (Table I) . Operative technique. Patients are positioned in the lateral decubitus position. With the arm flexed to 90˚ over an arm rest, through a midline incision a Chevron olecranon osteotomy is performed. A part of Osborne's ligament and the posterior oblique ligament (which is a weak fan-shaped thickening of capsule arising at the posterior aspect of the medial epicondyle, inserting over the medial olecranon), are dissected from the ulnar osteotomy line upward for about 1 cm to enable olecranon eversion medially, after osteotomy and exposure of the trochlea. The capsule at the posteromedial margin of the trochlea is incised from its intra-articular aspect and sharply dissected away from the medial wall of the trochlea and the sulcus of the ulnar nerve as a capsular subperiosteal flap (Fig. 1a) . This manoeuvre mobilises the ulnar nerve within its fibrous sleeve without exposure or visualisation of the nerve. The olecranon remains attached to the tendon of triceps, while the majority of Osborne's ligament and the anterior band of the medial collateral ligament remain intact (Fig. 1b) . However, the posterior band of the medial collateral ligament is detached. Repositioning of the bony fragments is then performed. Kirschner wires are used for temporary stabilisation of unstable bony fragments. Finally, the repositioned fragments are fixed using precontoured ulnar and radial plates and screws. The outer screw for the ulnar plate is always placed at the tip of the medial epicondyle. Additionally, the ulnar plate has a sulcus, originally designed for the ulnar nerve where it crosses the plate before entering cubital tunnel. For purposes of intra-operative monitoring of ulnar nerve function, the procedure is divided into the following steps: I) elevation of subcutaneous tissue and skin flaps and osteotomy of the olecranon, II) subperiosteal elevation of the ulnar nerve, III) repositioning of the bony fragment, IV) drilling for the screw holes, V) plating of the medial epicondyle, VI) insertion of the trochlear screw, VII) fixation of the olecranon osteotomy and VIII) wound closure.
Osteotomy of the olecranon is not always necessary in supracondylar fractures. In such cases, the triceps muscle is not repositioned medially and capsulotomy at the dorsal aspect of the trochlea is performed through an incision between the medial and long head of triceps (Fig. 2) . All cases were operated on by the same surgeon (MK). Neurophysiological examination. Examination commenced 25 to 30 minutes after induction of anaesthesia. The ulnar nerve was stimulated at the level of the axilla with bipolar surface electrodes (interelectrode distance 2.5 cm), fixed by a velcro strip. The cathode was positioned distally. Constant current supramaximal stimulation (50% above maximum) with square pulses of 0.3 ms duration was used. The stimulation frequency was 1 Hz. Compound muscle action potentials were recorded from the abductor digiti minimi muscle with a bipolar surface electrode (cathode positioned proximally over the muscle belly). The earth electrode was wrapped around the wrist.
The nerve conduction velocity was first measured in the arm, forearm and across the elbow. Nerve conduction velocity values across the elbow were omitted, if the distance across the elbow was less than 10 cm. 13 This situation was present in cases with severe soft-tissue oedema of the injured elbow.
The amplitude of the compound muscle action potentials (peak-to-peak), and the latency, were then measured intermittently (minimum 3 to 4 stimulations per minute) during surgery. When visual reduction of the amplitude appeared on the display, the optimal position between the stimulating electrode and the underlying ulnar nerve was checked by gently pressing the electrode. The maximal stimulation was checked by adjusting the stimulus intensity further. If these manoeuvres were not successful and the amplitude drop was greater than 50% upon further increase in stimulus, then the surgeon was informed and the cause was investigated.
The temperature in the operating theatre was set at 30˚C. The operative field and the ulnar nerve were regularly irrigated by saline warmed to 40˚C.
All examinations were performed by the same investigator (RB), using Nihon Kohden Four Mini polygraph (Nihon Kohden, Tokyo, Japan) and original accessories.
Results
Electrophysiological. These are given for all patients in Table II .
In all cases, the compound muscle action potentials were continuously present until the end of surgery, i.e. from skin incision to wound suturing. In case 10, the potentials were temporarily extremely decreased to 8.8%. In seven patients (cases 1, 3, 4, 7, 9, 15, 16) the final compound muscle action potentials amplitude was unchanged or improved 4.2% to 25.2% by the end of the surgery. In three of them (cases 3, 4, 16), both amplitude and latency were improved.
The maximum reduction in amplitude in the group (except case 10) was 29.2% of the initial value in one case (case 3), and 55.2% in a second (case 12). The amplitude was increased up to 25% in ten cases during subperiosteal elevation. There was only minor variability of compound muscle action potentials latency of between 93.6% and 107.1% of the initial value. An improvement in latency at the end of surgery was seen in nine patients and was between 93.6% and 98.1% of the initial value (Table II) . Intra-operative management. High risk aspects of surgery were defined as a prolongation of the latency for 2 ms or a decrease in amplitude by 80%. Such events occurred 13 times in total. The potentially dangerous parts of surgery were repositioning of the bony fragments (step III; 6/13) and positioning of the medial plate (step V; 7/13), where wide surgical exposure was achieved by prolonged retraction of the muscles. In such cases, the surgery was stopped, the precipitating cause was found and rectified and, once the amplitude recovered, surgery was recommenced. Vigorous retraction of the triceps muscle medially was noted to be responsible for a temporary decrease in amplitude, by between 50% and 70% (Table II) .
In case 10, the potentials steadily decreased after osteotomy of the olecranon and were almost completely lost for 15 minutes (8.8% of initial value; Table II ). The precipitating cause could not be found during surgery. The amplitude recovered promptly to 92% of its initial value after the fix- ) and was progressive within 12 hours. A tingling on the ulnar side of the hand (palmar and dorsal) and in the fifth and fourth fingers was reported immediately by the patient and accompanied the palsy. The neurophysiological monitoring was uneventful and discontinued after skin closure. The final latency was 101.3% and the amplitude was 96.3% of the initial value at the end of surgery. The post-operative radiographs in standard projections did not reveal any apparent misalignment or malposition of the screws and plates related to bony structures. Surgical revision was performed on the third day. Neurophysiological monitoring during the revision was not possible because conduction studies revealed complete conduction block of the ulnar nerve at the elbow. An intra-operative photograph was obtained upon revision, which clarified the cause which was not present at wound closure (Fig. 3) . The distal screw was found to be placed suboptimally -inferolaterally from the centre of the ulnar epicondyle toward the path of the ulnar nerve. This resulted in medial subluxation of the nerve on elbow flexion of more than 90˚ and its impingement on the medial side of the head of the distal screw (Fig.  3) . Follow-up at three years revealed no complaints and no atrophy, deformity or paresis.
Discussion
The anatomy of the cubital tunnel enables the ulnar nerve to slide smoothly and elongate significantly during elbow movement although this can be disrupted after trauma. [14] [15] [16] Symptoms of ulnar nerve dysfunction are common after the surgical treatment of fractures of the distal humerus, affecting up to 15% of patients. [17] [18] [19] A number of different surgical techniques have been described for the management of non trauma-related ulnar nerve compression at the elbow. [8] [9] [10] Surgical release and transposition of the nerve at the time of open reduction and internal fixation can be complicated by extensive perineural fibrosis and disturbed intraneural vascularisation. [6] [7] [8] [9] 20 We propose that subperiosteal elevation of the ulnar nerve is a less invasive procedure that mobilises the most proximal part of the ulnar nerve in the cubital tunnel together with its fibrous envelope. This enables full posterior exposure of the fractured medial epicondyle, including the retroepicondylar groove. The lack of visualisation of ulnar nerve, which makes this method technically more demanding, can be overcome by intra-operative monitoring of ulnar nerve function. The aim of intra-operative monitoring is to prevent structural damage to the nerve from prolonged or severe compression or traction. A reversible decrease in amplitude of the compound muscle action potentials results from a functional conduction block and dispersion of action potentials. In such cases the amplitude changes are small and will recover promptly in seconds upon release of compression or tension. If the compound action potentials are permanently lost, or their amplitude is very low at the end of surgery, structural injury is likely. However, the criteria for conduction abnormalities in chronic entrapment syndromes cannot be directly translated to acute nerve compression or traction during operations on the distal humerus. 13 The signal amplitude can drop suddenly and significantly (greater than 50%) even with technical problems during monitoring. The location of a surface-stimulating electrode in the axilla is particularly prone to movement of the arm during surgery.
It is well recognised that nerve function is at risk after the osteotomy of the olecranon, when the mobility of fragments is increased. We found that retraction of the triceps muscle medially with a Volkmann retractor was the most common cause of the steady decrease in amplitude.
In all cases, the amplitude reversed to normal or near normal in tens of seconds. Temporary decreases in amplitude (up to 70%) were tolerated without clinical consequences.
The latency of potential over the long segment of the ulnar nerve from the axilla to the hand was not found to be a sensitive indicator, as had been expected.
Intra-operative recording of the compound muscle action potentials but not of sensory nerve action potentials may not be sensitive enough to recognise early sensory fibre involvement, but because it avoids signal averaging it is faster and more feasible during surgery. It was sensitive enough to detect several dangerous manipulations around the ulnar nerve. Only one case resulted in post-operative ulnar nerve paresis. In this particular case, the ulnar nerve subluxed after wound closure and impinged medially against the inferior screw as identified at revision. Subperiosteal elevation increases the mobility of the ulnar nerve in the proximal cubital tunnel. On flexion of the elbow, the ulnar nerve becomes tense and tends to sublux anteriorly. 15, 21 Insertion of the inferior screw too close to the retroepicondylar groove must be avoided.
This study has confirmed that surgical manipulation during subperiosteal elevation of the ulnar nerve does not increase the risk of iatrogenic dysfunction of the ulnar nerve. In ten cases, the decompressive effect was revealed by increased amplitude (up to 25%) after osteotomy of the olecranon followed by subperiosteal elevation of the ulnar nerve.
The follow-up in this study is too short to determine the rate of delayed ulnar nerve palsy 22 although there were no cases in asymptomatic patients in the observation period of between six months and two years. If any bony deformation of the sulcus of the ulnar nerve is found at surgery, or if there is subluxation of the nerve on testing elbow flexion at the end of surgery, a medial transposition is suggested. The nerve should be followed upward through the arcade of Struthers, along the intermuscular septum and downward to its entrance through the fascia of the flexor digitorum and pronator muscles, and then decompressed. [23] [24] [25] If paraesthesiae or paresis are present before surgery, a simple decompression is suggested. If post-operative paresthesiae progress to paresis, decompressive re-operation must be performed promptly.
In conclusion, our study demonstrates that neurophysiological monitoring of the ulnar nerve is a simple, fast and sensitive method which results in immediate modification of the individual operative technique and increases patient safety. Temporary decreases in the amplitude of compound muscle action potentials of up to 80% are tolerated without clinical consequences, as long as the cause is identified promptly. The subperiosteal elevation of the ulnar nerve was not related to any significant decrease in potentials. Perioperative motor impairment is unlikely if the evoked motor response to ulnar nerve stimulation in the axilla is continuously preserved and not decreased by more than 40% by the end of the operation. However, early post-operative nerve dysfunction may be present in spite of unremarkable neuromonitoring because of causes not established at the end of surgery. This cannot be related to the failure of the intra-operative monitoring in case 6, who developed an isolated post-operative nerve problem.
Intra-operative monitoring reflects only acute changes in nerve conduction and cannot predict nerve problems which may appear later after discontinuing the monitoring, for example, impingement on elbow flexion because of screw malposition, local swelling, local bleeding or positional external nerve compression. In every patient the monitoring was discontinued after skin closure, but only in case 6 was paresis noticed upon her awakening from anaesthesia, despite unremarkable intra-operative monitoring (Table II) . The subperiosteally-elevated ulnar nerve was repositioned nicely in its bony bed and no attrition was noticed against the adjacent two screws before wound closure. The suboptimally-positioned ulnar distal screw created a new situation when the elbow was flexed post-operatively by more than 90˚, more than during the surgery. This produced sufficient nerve tension for medial subluxation over the distal screw and nerve impingement.
The critical amplitude and/or latency which might predict post-operative palsy from excessive surgical manipulation could not be found in this group of patients. Only safe, lower limits could be established from our results. However, close clinical observation and intermittent testing are still obligatory in the first hours post-operatively. If postoperative paraesthesiae progress to paresis, or if paresis is progressive, surgical decompression must be performed promptly. We would suggest a test of ulnar nerve subluxation upon elbow flexion in every patient before wound closure.
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